An estimated 3% of US pregnancies are affected by maternal thyroid dysfunction, with between one and three of every 1000 pregnancies being complicated by overactive maternal thyroid levels. Excess thyroid hormones are linked to neurological impairment and excessive craniofacial variation, affecting both endochondral and intramembranous bone. Using a geometric morphometric approach, this study evaluates the role of in utero thyroxine overexposure on the growth of offspring mandibles in a sample of 241 mice. Canonical variate analysis utilized 16 unilateral mandibular landmarks obtained from 3D micro-computed tomography to assess shape changes between unexposed controls (n = 63) and exposed mice (n = 178). By evaluating shape changes in the mandible among three age groups (15, 20 and 25 days postnatal) and different dosage levels (low, medium and high), this study found that excess maternal thyroxine alters offspring mandibular shape in both age-and dosage-dependent manners. Group differences in overall shape were significant (P < 0.001), and showed major changes in regions of the mandible associated with muscle attachment (coronoid process, gonial angle) and regions of growth largely governed by articulation with the cranial base (condyle) and occlusion (alveolus). These results compliment recent studies demonstrating that maternal thyroxine levels can alter the cranial base and cranial vault of offspring, contributing to a better understanding of both normal and abnormal mandibular development, as well as the medical implications of craniofacial growth and development.
Introduction
An estimated 3% of US pregnancies are affected by maternal thyroid dysfunction, with 1-3:1000 pregnancies being complicated by overactive maternal thyroid levels (Casey & Leveno, 2006; Mestman, 2009; Negro & Mestman, 2011) .
Excess maternal thyroid hormones are linked to neurological impairment, bowel and urogenital malformations, and craniofacial dysmorphology involving both endochondral and intramembranous bone in offspring (Casey & Leveno, 2006; Hershman, 2009) . Thyroid hormone imbalance in childhood can lead to shortened bones due to alteration of osteoblast/osteoclast homeostasis, inhibited chondrocyte activity in growth plates, and premature cranial suture closure (Harvey et al. 2002; Browne et al. 2009; Hershman, 2009; Singer, 2009; Cray et al. 2013 ).
The few available preclinical in vivo studies show that thyroid dysfunction leads to offspring cranial malformation, low birth weight and cognitive deficiencies, though these changes have not been precisely quantified (Khoury et al. 1989; Haddow et al. 1999) . Maternal hyperthyroidism and the resulting thyrotoxicosis have also been linked to craniosynostosis and cerebral developmental impairment in human populations (Daneman & Howard, 1980; Rasmussen et al. 2007; Browne et al. 2009 ), as well as fetal hypertension and growth restriction (Luewan et al. 2011) . Further studies in developing amphibians also demonstrate that exogenous administration of the thyroid hormone thyroxine can affect the bone growth of the cranial vault by stimulating chondrogenesis, though it has no effect on the onset of osteogenesis (Hall, 2015) . These results demonstrate a potential causal relationship between thyroid hormone exposure and craniofacial development, although quantification and evaluation of in utero thyroid dysfunction has been limited and the underlying biological mechanisms are still unclear.
This research extends previous work on the effects of aberrant maternal thyroid levels on the craniofacial complex of developing offspring by focusing on mandibular shape (Daneman & Howard, 1980; Akita et al. 1994; Harvey et al. 2002; Cray et al. 2013; Howie et al. 2016 ). Mandibular growth is influenced by the shape of the cranial base (Bj€ ork, 1951 (Bj€ ork, , 1969 Moss & Rankow, 1968; Buschang & Gandini, 2002) and the function of muscles attached to the cranial vault (Lifshitz, 1976; Vecchione et al. 2007 Vecchione et al. , 2010 , both regions known to be affected by thyroxine exposure. The mandible is also comprised of a combination of membranous bone and cartilaginous elements, tissues that are the targets of thyroid hormone action (Hall, 2015) . Furthermore, growth arrests of either Meckel's cartilage or secondary cartilage greatly affect mandibular growth and development (Biosse Duplan et al. 2016 ). Thus, we expect excess thyroxine during development to have both primary and secondary effects on mandibular morphology. We used micro-computed tomography (CT) scanning and geometric morphometrics to investigate mandibular morphology in mice exposed to exogenous thyroxine (at varying doses) during fetal development to mimic maternal hyperthyroidism, with specific focus on shape changes associated with exogenous thyroxine exposure. We hypothesize that mice exposed to excess exogenous thyroxine during fetal development will demonstrate altered mandibular shape compared with the unexposed control mice, and that these shape differences will be more pronounced at higher doses.
Materials and methods
The 241 mice used for this project were C57BL/6 background (Timed Pregnant; Jackson Laboratories, Bar Harbor, ME, USA). The thyroxine dosage was given as levothyroxine to pregnant dams at 13 days post-conception through drinking water under normal consumption of 3-5 mL of water per day. This time period in embryological development corresponds to the period of cranial development prior to sutural closure, and represents a crucial time for the effect of teratogens on overall craniofacial development (Morriss-Kay & Wilkie, 2005) . Animal use protocols were approved by Georgia Regents University Institutional Animal Care and Use Committee , and the Medical University of South Carolina Institutional Animal Care and Use Committee (AR#3341). All breeding procedures were carried out in an Association for Assessment and Accreditation of Laboratory Animal Care International-accredited facility where all husbandry and related services are provided by the Division of Laboratory Animal Resources. Animals were housed in ventilated racks with automatic water and feeders providing mouse TEKLAD pellets with 12 h light-dark cycles. Certified technical personnel and registered veterinary technicians provide daily observation and handling of lab animals. Signs of dehydration and pain as indicated by hunched and lethargic behavior were monitored to assess animal health. All procedures and the reporting thereof comply with the Animal Research: Reporting in Vivo Experiments (ARRIVE) guidelines (Kilkenny et al. 2010 ).
Dams were separated into a control group with no maternal thyroxine treatment (n = 63 resulting pups), a low-dosage group receiving~0.25 mcg of thyroxine per day (n = 67 resulting pups), a medium-dosage group receiving~0.50 mcg of thyroxine per day (n = 46 resulting pups), and a high-dosage group receiving~1.0 mcg of thyroxine per day (n = 65 resulting pups). The dosages of thyroxine were chosen as correlates to therapeutic dosages (10-250 mcg day
À1
) used in human clinical trials. Control group mothers were bred multiple times, but any mothers receiving thyroxine were utilized only once. Litters were serially selected for death at 15 days (49 mice), 20 days (74 mice) and 25 days (118 mice). Final brain development in mice is complete 12-14 days after birth, and mice are considered juvenile until 24 postnatal days, so the age groups of the offspring that were killed were selected due to their approximate correlation to juvenile and adolescence in humans (Depew et al. 2002; Morriss-Kay & Wilkie, 2005) . The resulting litters within the 15-, 20-and 25-day samples were adequate to establish parity between mothers, offspring, and variation within each of the selected age groups (Table 1) .
Following death, the skulls were separated from the bodies and fixed for 3D micro-CT scanning utilizing a SkyScan 1172 (Kontich, Belgium) set at 19.36 lm voxel resolution. The bitmap (.bmp) image stacking was conducted using the Amira software program (FEI Visualization Sciences Group). The images were downsampled in ImageJ (Schneider et al. 2012) to improve rendering performance. The minor loss of image resolution associated with resampling would not affect the landmarks selected for this project (Parsons et al. 2014) . Once these images were imported into Amira, a Gaussian smoothing filter was applied (r = 0.3 in X, Y, and Z; isometric kernel size = 3). No hole-filing or smoothing algorithms were applied to the imported image.
We collected a set of 16 mandibular landmarks from the left mandible of each skull (Table 2; Fig. 1 ). These landmarks represent a common set of mouse mandibular landmarks used in other morphometric analyses Klingenberg et al. , 2004 Hennessy & Stringer, 2002) . Data for the 15-day medium-dose sample were unavailable for analysis, and therefore excluded. Intraobserver error in landmark placement was assessed on 30 randomly selected mandibles, where all landmarks showed intraclass correlation coefficients > 0.90. All landmarks were collected in Amira and the associated 3D coordinates retained for analysis. The landmarks coordinates were then imported into MorphoJ (Klingenberg, 2011) for geometric morphometric analysis.
Following generalized Procrustes analysis, we applied canonical variate analysis (CVA) to uncover the major modes of shape variation that best differentiated among the four treatment groups: control, low dose, medium dose, and high dose (Zelditch et al. 2004 ). To determine statistical significant (P < 0.05) differences in shape by dose, we performed permutation testing with 5000 resamples. Different age groups were combined during analysis in order to increase the size of treatment group samples. However, because mandibular shape changes as mice get older, and ages were not evenly distributed among the treatment groups, we applied regression analysis to adjust the Procrustes coordinates for age effects prior to CVA. Furthermore, we also observed that overall mandibular size (centroid size) differed among treatment groups (Procrustes ANOVA; P = 0.0051); thus, the Procrustes coordinates were further adjusted for centroid size prior to analysis, with CVA being conducted on the residuals. The sexes were combined for analysis as no differences in size (P = 0.593) or shape (P = 0.423) were detected between the sexes in the 25-day-old mice using Procrustes ANOVA (Tables S1 and S2 ). Thus, CVA results demonstrate shape changes as a result of thyroxine dosage. Wireframe warps were generated to help visualize mandibular shape variation associated with the canonical variates (CVs).
Results
Canonical variate analysis revealed aspects of mandibular shape variation capable of discriminating among the different treatment groups, following adjustment for age and centroid size. Significant differences in Mahalanobis distance were observed among each of the four dosage groups (P < 0.001), and Procrustes distances were significantly different between all pair-wise group comparisons except low dose vs. high dose (Table 3) . Plots showing the location of the treatment group centroids along the three extracted CVs are provided in Fig. 2 . CV1 accounted for more than half of the observed shape variation, and separated high-and low-dose mice from medium-dose and control mice (Fig. 2a) . CV1 was associated with shape changes throughout the mandible, with the most pronounced changes on the coronoid process, mandibular angle and alveolus near the incisor (Fig. 3a) . CV1 was also linked to mediolateral shape changes of the inferior mandibular margin and the anterior positioning of the mental foramen (Fig. 3a) . Accounting for almost one-third of the shape variation, CV2 separated the treatment groups into three main clusters, with controls at one end, medium-dose mice at the other, and high/low-dose mice in between (Fig. 2a,b) . CV2 Thyroxine effects on mandible, M. J. Kesterke et al. 48 was associated with prominent shape changes in the coronoid process, mandibular angle and alveolus of the incisor, with added variation in the position and orientation of the mandibular condyle (Fig. 3b) . Mediolateral shape changes associated with CV2 were less pronounced compared with CV1, with minimal shape changes near the alveolus of the incisor (Landmarks 1 and 14) . CV3 separated the low-dose from the high-dose group (Fig. 2b) . As with the first two CVs, CV3 encapsulates shape changes primarily to the posterior mandible (coronoid process, mandibular condyle and mandibular angle), with only minor shape changes to the anterior mandible (Fig. 3c) .
Discussion
This study compared mandibular shape based on the micro-CT images of the offspring of pregnant dams exposed to control, low, medium and high doses of thyroxine during pregnancy. The shape changes associated with thyroxine exposure involved numerous mandibular regions, including the condyle, coronoid process, angle and symphysis/incisor region. Compared with controls, exposed mice tended to show a combination of reduced mandibular angles, a superior movement of the incisor, and an anteroinferior movement of the condyle. These changes, however, did not show a clear dose dependency, with mice arrayed neatly along the CVs from control to high dose. CV1, for example, showed the low-and high-dose animals clustering together at one end of the shape continuum, while medium-dose animals and controls were at the other end. For CV2, the medium dose appeared to be further separated from the control centroid than either the low-or high-dose mice.
The effect of the thyroxine on the muscles themselves leading to altered biomechanical loads may be a contributing factor to the observed compensatory growth of the mandible. Thyroxine can affect muscle tissue, so some mandibular shape changes could be a result of thyroxine acting on the masticatory muscles rather than the bone itself (Kemp & Hoyt, 1969; Hall, 1973) . Functional and biomechanical effects resulting from changes in masticatory habits due to excess thyroxine were also not evaluated in the present study. Because the functional matrix of the anterior mandible results from occlusion, these shape changes suggest a slight alteration in form of the mandible towards the incisors, which may be indicative of compensatory changes to maintain occlusion (Moss & Rankow, 1968; Enlow, 1990) . The changes seen in the coronoid process and mandibular angle suggest a reduction in biomechanical loading caused by the temporalis and masseter/pterygoid muscles, respectively. These shape changes are localized in the posterior aspect of the mandible, primarily a reduction of the mandibular angle and a slight reduction in the coronoid process. The mediolateral shape changes are more pronounced as thyroxine dosage increases, with a distinct narrowing of the alveolus near the incisor, lateral flaring of the condyle, and medial movement of the mandibular angle. Whether these changes are caused by an overall reduction in function of these muscles, or if these changes are due to different functional demands initiated by fluctuations in shape of the cranial base cannot be determined by the present study. The high dosage of thyroxine produced a pronounced superior rotation of the anterior aspect of the mandible, particularly the root of the incisor, towards the cranial base. Prior studies in orthodontics and dentistry have shown that this sort of rotation is primarily the result of response growth to maintain occlusion (Lavergne & Gasson, 1976; Baumrind et al. 1984) . The mental region of the mouse is an area known to respond to changes elsewhere in the mandible (Atchley et al. 1985) . This rotation therefore suggests that the anterior aspect of the mandible is responding to growth elsewhere. The primary area of growth in the mandible is at the condyle and along the margin of the ramus (Petrovich, 1974; Enlow, 1982) , so one would expect these areas to be changing as well. Indeed, there are demonstrable changes in the mediolateral position of the condyles. Within the 20-day group, for example, the location of the glenoid fossae narrowed, moving towards the midline of the cranial base, which would also mirror the location of the mandibular condyles within the present study .
Because no data exist regarding the role of thyroxine on areas of mandibular muscle attachments, biomechanical research provides the only parallel with which to compare the present sample. The mandibular angle is formed in response to biomechanical stress placed upon it by the masseter and medial pterygoid muscles (Moss & Rankow, 1968) . As such, any alteration to this musculature would result in shape changes in this area. Reduced masseter function results in reduced mandibular angle, though it is also tied to reduced condylar formation and reduction of the posterior aspect of the ramus (Yonemitsu et al. 2007 ). Furthermore, changes in masticatory habits or changes in biomechanical load have been shown to reduce masseter size in animal models (Maeda et al. 1987; Widmer et al. 2002) . The calvaria of the 20-day population showed a narrowing of the zygomatic arch , which may alter the function of the masseter. The shape changes in the mandibular angle in this study could thus be a result of compensatory growth of the mandible and/or calvarial shape changes due to maternal thyroxine within the sample.
The final area of shape change seen in the mandibular sample is of the coronoid process, with its overall reduction in size as a function of dosage. This is assumed to be associated with a reduction in biomechanical load exerted by the temporalis (Enlow, 1990; Moss, 1997) . The cause of this reduction is not readily apparent, though studies of the skulls in these mice show a reduced bone volume in the cranial vault, specifically in the synchondrosis . Furthermore, histological analyses of this exogenous maternal thyroxine overexposure demonstrate a marked increase in Igf1 signaling and acceleration of chondrocyte hypertrophy, causing overall morphological changes to the cranial base of the offspring (Durham et al. 2017) . Thyroid dysfunction has long been linked to issues of craniofacial growth, dysmorphology and craniosynostosis (Penfold & Simpson, 1975; Daneman & Howard, 1980; Akita et al. 1994; Pirinen, 1995; Rasmussen et al. 2007; Bochukova et al. 2012) , so any resultant reductions in the attachment areas of the masticatory muscles would lead to corresponding reductions in the coronoid processes. Further study on both the muscle attachment sites of the skull and muscle mass of the temporalis is needed to better describe the effect of maternal thyroxine, though an overall reduction in muscle area caused by a reduced cranial vault height remains a plausible explanation.
The mandibular shape changes observed in the present study are suggestive of growth in response to shape changes in the rest of the craniofacial complex. Excess maternal thyroxine has been linked to changes in endochondral bone formation, including the cranial base (Hall, 1973; Hanken & Summers, 1988; Allan et al. 2000; Cray et al. 2013) . The movement of the mandible towards the midline and superior rotation of the anterior mandible towards the cranial base are expected in light of mirror changes in the cranial base within the same sample (Durham et al. 2017) . The shape changes in the mandibular angle could be tied to masticatory habits, shape changes of the zygomatic arch or another unanticipated change in the sample, but cannot be easily explained in the thyroxineexposed sample. Allometric growth and age-related changes associated with exogenous thyroxine exposure also likely play a role in mandibular shape changes (Ramaesh & Bard, 2003; Hall, 2015) . Unfortunately, very little is known regarding shape changes of the craniofacial complex in regards to maternal thyroid levels in humans; in light of this shortfall, orthodontic and dental research can be used as a predictive model for changes in mandibular shape as a result of shape changes elsewhere in the cranial base. The results described above demonstrate that thyroxine affects change in the mandible as a result of thyroxine dosage in a dose-dependent manner, mirroring changes seen in the cranial base of the same mouse sample. Furthermore, previous evaluation of the sample using ANOVA and principal component analysis demonstrated significant (P < 0.005) differences in a dose-dependent manner among pooled combined landmark data for both size and shape (Tables S1  and S2 ; Kesterke, 2016) . The non-predictable responses in shape to the thyroxine dosage are also seen in these evaluations, and the shape changes are also seen in the same three regions of the mandible (Figs S1, S2 and S3). A similar pattern has been noted in previous studies on the same sample, suggesting a non-linear response of morphology to varied thyroid levels (Durham et al. 2017) . These changes, driven largely by chondrocyte hypertrophy in the synchondrosis of the cranial base, greatly affect the morphology of the cranial base, resulting in concomitant changes to the mandible Durham et al. 2017) .
Several additional unmeasured factors may have influenced our results. At the molecular level, the role of maternal thyroxine on the developing fetus itself is poorly understood, though recent studies show that maternal thyroid hormones do in fact act on offspring thyroid receptors (Nucera et al. 2010) . The role of in vivo thyroxine on osteogenesis has seen recent research demonstrating that excess thyroid hormone exposure results in increased gene product markers for osteogenesis (Cray et al. 2013; Howie et al. 2016) . Future studies should continue to look at the role of maternal thyroid and its impact on osteoblasts, osteoclasts and overall bone maintenance in offspring. These factors could affect the growth and development of mandibles in the present study, but as secondary influences to the overall shape changes due to exogenous thyroxine exposure.
Hormone levels regulate growth and development of nearly all aspects of the human body, contributing to both cranial (Penfold & Simpson, 1975; Daneman & Howard, 1980; Hanken & Summers, 1988; Akita et al. 1994; Rasmussen et al. 2007; Durham et al. 2017 ) and postcranial variation (Kemp & Hoyt, 1969; Hall, 1973; Harvey et al. 2002; Murphy & Williams, 2004; Weinberg et al. 2015) . The present study demonstrates that excess exogenous maternal thyroxine levels affect offspring mandibular shape in both an age-and dosage-dependent manner, and that these shape changes mirror those observed in the cranial bases due to chondrocyte hypertrophy in the synchondroses (Cray et al. 2013; Parsons et al. 2015; Durham et al. 2017) . These results show the important influence of maternal hormonal levels in offspring growth and development, leading to normal and potentially abnormal variation within the craniofacial complex.
Supporting Information
Additional Supporting Information may be found in the online version of this article: Table S1 ANOVA results for treatment for both size (centroid) and shape (Procrustes coordinates) for the combined landmark data. Table S2 ANOVA results comparing sex for both size (centroid) and shape (Procrustes coordinates) within the 20-day and 25-day samples. Fig. S1 Scatterplot demonstrating separation of treatment groups along all significantly different (P < 0.001) principal components: PC1 (18.3% of all variance) and PC9 (3.5% of all variance) axes within the 15-day sample. Ellipses represent 90% confidence for sample means. Fig. S2 Scatterplot demonstrating separation of treatment groups along significantly different (P < 0.001) principal components: PC1 (15.7% of all variance) and PC3 (11.5% of all variance) axes within the 20-day sample. Ellipses represent 90% confidence for sample means.
Fig. S3
Scatterplot demonstrating separation of treatment groups by PCs along all significantly different (P < 0.001) principal components within the 25-day sample: PC1 (16.7% of all variance), PC3 (13.9% of all variance), PC5 (9.3% of all variance), PC6 (5.6% of all variance) and PC7 (5.3% of all variance). Ellipses represent 90% confidence for sample means.
